The L-aminopeptidase D-Ala-esterase/amidase from Ochrobactrum anthropi (DmpA) releases the N-terminal L and/or D-Ala residues from peptide substrates. This is the only known enzyme to liberate N-terminal amino acids with both D and L stereospecificity. The DmpA active form is an αβ heterodimer, which results from a putative autocatalytic cleavage of an inactive precursor polypeptide.
Introduction
Aminopeptidases (APs) are exopeptidases that selectively release N-terminal amino acid residues from polypeptides and proteins. These enzymes are found to be widely distributed amongst both prokaryotic and eukaryotic organisms. The many proposed functions of APs include protein maturation and N-terminal degradation, hormone level regulation and cell-cycle control [1, 2] . Some bacterial peptidase systems are of considerable fundamental or agro-industrial interest [3] . Different classification systems for aminopeptidases have been proposed [2, 3] . Bacterial APs have been classified into 14 families using different criteria, such as substrate specificity, peptide sequence similarity, physicochemical and enzymatic properties [3] . APs have also been subdivided into three groups on the basis of their catalytic mechanism: metallo-aminopeptidases, the activities of which are regulated by the presence of divalent metallic cations, and cysteine and serine aminopeptidases, classified on the basis of their sensitivities to various types of inhibitors. The metallo-aminopeptidases constitute the largest group of APs and Zn 2+ appears to be the most frequently associated cation. To date, only structures of metallo-aminopeptidases have been determined by X-ray crystallography [4] [5] [6] [7] [8] [9] [10] . In contrast, the cysteine and serine APs have no ionic cofactor [2] . Catalysis requires a highly reactive cysteine or serine residue the nucleophilicity of which must be enhanced by the local environment. Reactive serine residues have been detected for enzymes of the proline iminopeptidase and X-proline dipeptidyl aminopeptidase families (families 12 and 13 according to [3] ).
Three serine aminopeptidases have been detected in Ochrobactrum anthropi [11] [12] [13] . The first two APs, D-aminopeptidase (DAP) and D-aminopeptidase B (DmpB), isolated from strains SCRC C1-38 and LMG7991, respectively, are homologous and display strict D stereospecificity [11] [12] [13] . Their catalytic activity seems to rely on the tetrad Ser/Lys/Ser/Glu, with the first two residues found in an SXXK motif (single-letter amino acid code) [12] [13] [14] . The lysine residue is believed to act as a Brønsted base. The biological function of DAP and DmpB is still unknown, but these enzymes display approximately 25% sequence identity with a Streptomyces R61 DD-carboxypeptidase. DAP and DmpB are inhibited by β-lactam compounds which suggests that they are both members of the family of 'penicillin-recognising enzymes', as originally proposed for DAP by Asano and coworkers [12] . The third serine aminopeptidase from O. anthropi, DmpA, isolated from strain LMG7991 [13] , is an L-aminopeptidase which also shows the unique ability to hydrolyse both D-amides and D-esters.
The dmpA gene has been cloned and overexpressed in Escherichia coli [13] . It has been completely sequenced on both strands and the deduced amino acid sequence does not exhibit significant similarity with known APs. It does show varying degrees of similarity with sequences corresponding to several open reading frames found in the genomes of other bacteria for which translation products have not yet been characterised [13] . DmpA is an AP that liberates the N-terminal residues from peptide substrates and the efficiency of the enzyme increases with peptide length. To allow recognition, the N-terminal residue must be in the L configuration and its α-amino group must be free. The enzyme's affinity profile for residues at the first N-terminal position in dipeptides is (Arg, Lys) > Phe > aliphatic amino acids (Leu, Gly, Ala) > hydroxylated amino acid (Ser). An acidic residue at the first or second position prevents hydrolysis, suggesting the presence of a negative charge in the substrate-binding pocket [14] . Although DmpA is an L-aminopeptidase it also shows D-amidasic and D-esterasic activities on D-alanine derivatives [13] . To our knowledge, this enzyme is so far the only one that can liberate both N-terminal D and L amino acids.
DmpA is synthesised as a single polypeptide precursor. The active form consists of two different peptides resulting from the unique cleavage of the Gly249-Ser250 peptide bond of the precursor. Site-directed mutagenesis studies revealed that both residues are essential for protein maturation and catalysis [15] . The fact that the cleavage site is recognised both in O. anthropi and E. coli, as well as sequence comparison of this site with those of enzymes of the N-terminal nucleophile (Ntn) hydrolase family, led us to propose that DmpA may be the prototype of a new Ntn hydrolase family [15] .
A number of structures of Ntn hydrolases have been determined: penicillin acylase (PA) [16, 17] , the proteasome subunits (PRO) [18, 19] , glycosyl asparaginase (AGA) [20, 21] , and the glutamine 5-phosphoribosyl-1-pyrophosphate amidotransferases (GATs) from Bacillus subtilis and E. coli [22] [23] [24] . The functions, modes of activation and folds of these enzymes have been reviewed [25] [26] [27] . Ntn hydrolase enzymes are amidohydrolases characterised by their unusual utilisation of an N-terminal nucleophile (threonine, serine or cysteine) that appears to use its own α-amino group as a general base in the catalytic mechanism. This catalytic N-terminal residue is generated by a self-catalysed protein splicing process [27] and is situated at the extremity of a β sheet. Ntn hydrolases share a common fold, consisting of a core of two stacked antiparallel β sheets flanked on both sides by helices, which results in the capacity for nucleophilic attack as well as the possibility of autocatalytic processing [26] .
Here we report the three-dimensional structure of DmpA at 1.82 Å resolution and present a comparison with known structures of APs and Ntn hydrolases. The structure confirmed that DmpA belongs to the Ntn hydrolase family and allowed us to propose a catalytic mechanism for this enzyme. Its novel connectivity between secondary structure elements, however, suggests that the consensus Ntn superfamily may have to be re-evaluated.
Results and discussion

Quaternary structure
The observed contacts between molecules in the asymmetric unit initially suggested that DmpA was organised as a homotetramer. Gel-filtration analysis has confirmed this hypothesis (C Goffin, unpublished results). The four molecules of the tetramer were called A, B, C and D; when specifying an amino acid residue, we attach the suffix A, B, C or D accordingly. The DmpA homotetramer is a doughnut-shaped molecule (Figure 1 ). The four subunits are related mutually by perpendicular twofold axes, labelled P, Q and R (Figure 1a) . Contacts along the molecular Q axis (2195 Å 2 ) are much more extensive than those along the P and R axes (1338 Å 2 and 1305 Å 2 , respectively). In total, 31.5% of the total surface area of a subunit is involved in tetramer formation. The substratebinding site of a monomer is located at the interface with its Q-and R-related subunits (Figure 1b ).
Overall structure of the monomer
The processed DmpA molecule consists of two chains (α and β) containing the residues 1-249 and 250-375, respectively. It folds into a single domain and has an ellipsoidal shape of approximate dimensions 66 Å × 50 Å × 30 Å (Figures 2a,b) . The central motif consists of nine β strands (S 1 to S 9 ) and four α helices (H 2 to H 5 ) organised in an αββα sandwich fold in which the two stacked mixed β sheets (sheets I and II) are flanked on both sides by two α helices (Figures 2b,c ). Two extra helices (H 1 and H 6 ) and one strand (S 10 ) are involved in the crystal packing. The topology of the β strands may be described as (-5X, +1, +1, +1X) and (+1, +1, +1X) for sheets I and II, respectively (nomenclature according to [28] ). In each sheet there are two parallel strands connected to each other via an α helix ( Figure 2c 
Substrate-binding pocket
Several protease inhibitors were tested on DmpA without success [15] . All attempts to obtain complex structures of DmpA with potential inhibitors or reaction products by soaking crystals and cocrystallization trials were unsuccessful. In order to identify residues potentially involved in the substrate-binding site we manually introduced D-Ala-L-Ala and L-Ala-L-Ala dipeptides into the active site of DmpA on the basis of the known structure of the complexes between AGA and aspartic acid [21] and between PA and phenylmethylsulfonyl fluoride (PMSF) [16] (Figure 3a ).
The substrate-binding site consists of a pocket, fairly open to the solvent, which is situated at the interface of an enzyme molecule and its Q-and R-related subunits (molecules labelled respectively D and C if the subunit A is chosen as the reference; Figure 1b ).
The enzymatic properties of DmpA [15] suggest the presence of acidic residues in the substrate-binding site that would be responsible for the known affinity for basic sidechains, as well as for the stabilisation of the N-terminal α-amino group of the substrate. Glu144A, the only negatively charged residue in the vicinity of the active site (Figures 3a,b) , is in an appropriate position to make a salt bridge with the free α-amino group of an L-amino acid which might also be hydrogen bonded to the γ-oxygen of Thr108A (Figure 3a ). On the other side of the substratebinding site there is an empty space allowing the binding of the sidechain of the N-terminal L-amino acid. The positive charge of a D-Ala N-terminal amino acid cannot be stabilised by the negative charge of Glu144A, as it is not well positioned to do so. However, the α-amino group can hydrogen bond to the sidechain γ-oxygen of Thr145. The steric hindrance due to the presence of both the sidechains of Glu144A and Thr108A precludes the binding of D-residues with a sidechain longer than that of D-Ala (Figure 3a ). This observation may explain why the recognition of D-Xaa residues is limited to D-Ala, and also why the hydrolysis of L-isomers is much more efficient than that of D isomers. The Glu144A residue is the only negatively charged residue in the substrate-binding pocket, close to the active site, which can be responsible for the aminopeptidasic activity. Its presence is probably also responsible for the high affinity of the enzyme for basic residues and explains the lack of affinity for negatively charged residues situated at the first or second position in the peptide substrate.
A hydrophobic cluster has been identified close to the active site. The cluster, comprising residues Tyr146A, Phe135D, Leu136D and Trp137D, is located at the interface of molecules A and D and is in a good position to make hydrophobic interactions with the sidechain of a residue located downstream from the peptide bond to be cleaved (Figure 3a) . This is consistent with kinetic studies which show that DmpA activity towards dipeptide substrates is increased by the presence of a phenylalanine residue at the second position from the N terminus [15] . [45] , RASTER3D [46] and GRASP [47] .)
Comparison with known structures of aminopeptidases
The previously published three-dimensional structures of APs fall into a number of different structural families. The first determined structure of an AP was that of the bovine lens leucine aminopeptidase (LAP) [4, 5] . LAP is a homohexameric enzyme and each subunit contains two zinc ions that are essential for catalytic activity [29] . Both metal ions participate in substrate binding and activation, and α helices (circles) and β strands (triangles) are labelled H1 to H6 and S1 to S9, respectively. (The figure was produced using the programs MOLSCRIPT [45] and TOPS [48] .) have a possible role in the activation of the nucleophile [30, 31] . The second AP structure to be determined was that of a methionine aminopeptidase (MAP) from E. coli [8] . Recently, the structure of eukaryotic MAPs have also been solved [9, 10] . MAPs contain two cobalt ions in the active site and are unrelated in structure and in sequence to LAP. The most recent AP structures to be determined were those from Aeromonas proteolytica (AAP) [6] and Streptomyces griseus (SGAP) [7] . Both AAP and SGAP require two zinc ions for activity. Despite their low level of sequence identity, they share a similar topology and a similar zinc coordination suggesting that the two enzymes are likely to have similar catalytic mechanisms [6, 7] .
These two microbial enzymes differ from LAP in both overall structure and in coordination of the two zinc ions. This led the authors to classify AAP and SGAP separately from LAP. The three-dimensional structure of a proline iminopeptidase from Xanthomonas campestris pv. citri has been solved at 2.7 Å resolution [32] . The protein is folded into two contiguous domains with the active site located at the interface. The enzyme has a Ser-Asp-His catalytic triad and displays an overall topology similar to that of yeast serine carboxypeptidase [33] .
Clearly, DmpA is structurally and mechanistically distinct from any of the previously described APs: it has no ionic [25] . Open circles (helices) and triangles (strands) represent secondary structure elements occurring in the same position and sequence in PA, GAT, AGA and PRO. Elements shown in grey are structurally conserved but not always in the same sequence order. (b) Topological diagram of the fold of DmpA. The circles and triangles represent secondary structure elements occurring in the same position as in other Ntn amidohydrolases. Elements of the β chain are surrounded by a thick line and elements of the α chain by a thin line. Secondary structure elements are numbered according to [25] .
cofactor but possesses the Ntn hydrolase fold (see below), which provides both the capacity for nucleophilic attack and the possibility of autocatalytic processing [26] . The three-dimensional structure of DmpA identifies this protein as the first example of a novel structural family of APs.
Structural comparison with other Ntn hydrolases
As described previously, all the enzymes belonging to the Ntn hydrolase family have been shown to share highly homologous folds and functions [25, 26] . A consensus Ntn fold has been proposed and is shown in Figure 4 .
Comparison of the structures of PA, PRO, GAT, AGA and DmpA shows that the newly determined structure fits well into the Ntn superfamily ( Figure 5 ).
Several catalytic mechanisms have been proposed for Ntn hydrolases on the basis of analogy with the serine proteases. The catalytic N-terminal nucleophile uses its own α-amino group as a general base with an oxyanion hole stabilising the presumed tetrahedral intermediate. The key elements in catalysis are the oxygen or sulphur nucleophile provided by a threonine, serine or cysteine residue, the Brønsted base provided by the α-amino group of the nucleophile, and the oxyanion hole. The oxyanion hole may be composed of a mainchain amide group plus either a hydroxyl group of a polar sidechain or the Nδ2 group of an asparagine residue. Additional noncovalent interactions in the vicinity of the catalytic residues contribute to catalysis [34] .
A structural alignment of DmpA with Ntn hydrolases using the conserved β strands reveals that all the catalytic centres overlap. This allowed us to identify active-site residues in DmpA ( Figure 6 ). The enzyme possesses a catalytic serine residue, Ser250, which corresponds to the known catalytic residues of the other enzymes (PA, SerB1; GAT, Cys1; AGA, Thr206; PRO, Thr1B) and its α-amino group is the only candidate in the active site that might enhance the nucleophilic character of the hydroxyl group. The backbone NH group of Tyr146 is in a good position to play the role of the first element of the oxyanion hole (corresponding to PA, AlaB69; GAT, Gly103; AGA, Gly235; PRO, Gly47B). In all previously described Ntn hydrolase structures, this function has been situated at the end of strand β4. In DmpA, however, Tyr146 is located at the end of strand β5 of sheet II. The role of the second contributor to the oxyanion hole (PA, AsnB241 Nδ2; GAT, Asn102 Nδ2; AGA, Thr234 Oγ; PRO, Ser129 Oγ) is most likely to be played by Nδ2 of Asn218. The α-amino group of Ser250 hydrogen bonds with the Oγ of Ser288 and the backbone NH group of Gly289 hydrogen bonds to the nucleophilic hydroxyl group (Figure 6b) . It is likely that, by analogy with other Ntn hydrolases, these residues could be indirectly involved in the catalytic mechanism, affecting the properties of the catalytic residue. On the basis of these homologies, and according to the widely accepted mechanism for other Ntn hydrolases, we propose a catalytic mechanism for DmpA ( Figure 7) . Several acidic amino acid residues are present on the surface of the substrate-binding site. However, only Glu144 is located in the vicinity of the catalytic centre and is probably involved in the stabilisation of the N-terminal α-amino group of the substrate.
The DmpA structure reveals several significant differences from the consensus Ntn fold. These differences concern the direction and connectivity of the secondary 
Figure 6
The catalytic site of DmpA. (a) Stereoview electron-density map around residues of the active site of DmpA. (b) Stereoview superposition of residues involved in the catalytic mechanism of DmpA (coloured green) with those of PA (coloured by atom type) in complex with PMSF (coloured violet). (The figure was produced using the program TURBO-FRODO [43] .)
Figure 7
The catalytic mechanism of DmpA. The key elements are the catalytic residue Ser250, which plays the role of both nucleophile (the Ser250 hydroxyl group) and the base (the Ser250 α-amino group), and the two elements of the oxyanion hole (the mainchain nitrogen atom of Tyr146 and the Nδ2 group of Asn218). The Ser250 α-amino group acts as a base, increasing the nucleophilicity of the Ser250 hydroxyl group which attacks the carbonyl carbon of the substrate. This results in the formation of a covalent enzyme-substrate transition state that is stabilised by the oxyanion hole. This complex is disrupted and the products liberated through the addition of water. Ser288 and Gly289 modify the properties of Ser250.
flanked by two parallel α helices (Figure 4) . In DmpA, each mixed β sheet contains two parallel strands connected by a single α helix, S 1 ,H 4 ,S 2 in sheet I and S 4 ,H 1 ,S 5 in sheet II. The two helices situated on both sides of the stacked β sheets lie parallel to each other. In the consensus Ntn fold, the equivalent strands are antiparallel and are connected by two antiparallel helices. DmpA also shows additional differences in connectivity compared to other Ntn hydrolases and has no counterparts to strands 3 and B (Ntn nomenclature).
Despite the fact that these differences constitute a significant deviation from the consensus Ntn fold proposed by Artymiuk [25] , the four helices, strands 1, 2, 4, 5, 6, A and C, and the catalytic N-terminal residue are structurally equivalent. All the residues involved in the catalytic mechanism are in similar locations in the active sites and the enzymes are likely to employ the same catalytic mechanism. Furthermore, DmpA is an amidohydrolase activated by the cleavage of the peptide bond preceding the catalytic residue (Ser 250) at the beginning of a β strand, as is the case with all other Ntn hydrolases. This posttranslational processing is probably self-catalysed by the enzyme [15] . All these observations suggest that DmpA should be considered as a member of the Ntn hydrolase structural superfamily, the definition of which must now be enlarged to take into account the variations observed in the DmpA structure.
Biological implications
Ochrobactrum anthropi is an emerging nosocomial pathogen. This bacterium can be responsible for meningitis or septicemia in an immunocompromised patient. O. anthropi is a highly proteolytic bacterial species that extracts amino acid residues from peptides present in the medium using a pool of peptidases. Among these peptidases, DmpA has the unusual property of recognising both D-Ala and L amino acids situated at the N-terminal ends of peptides. This wide specificity profile is likely to contribute to the hydrolysis of a vast number of small peptides transported into the cell. On the basis of its biochemical and enzymatic properties, DmpA has been proposed as a new member of the N-terminal nucleophile hydrolase (Ntn) family. The enzymes of this family share similar functions, modes of activation, and polypeptide folds, but exhibit no sequence similarity. All Ntn hydrolase enzymes are amidohydrolases characterised by their unusual use of an N-terminal nucleophile (threonine, serine or cysteine) as the catalytic residue. The autocatalytic cleavage of the polypeptide chain of the proenzyme immediately upstream to this catalytic residue constitutes the activation step of Ntn hydrolases.
The crystal structure of DmpA at 1.82 Å resolution reported here shows that the polypeptide folds into a single domain organised as an αββα sandwich. This structure shows a clear similarity to the fold of the Ntn hydrolases of known structure. A structural alignment, using the β sheets as reference, showed the catalytic region of these enzymes to overlap and thus allowed the determination of residues involved in the enzymatic activity of DmpA. On this basis a catalytic mechanism for the aminopeptidase was proposed.
The O. anthropi DmpA structure determination demonstrates that this enzyme belongs to the Ntn hydrolase enzyme family and that it probably uses the same mechanism to hydrolyse the peptide bond situated at the N-terminal extremity of the substrate. However, the direction and connectivity of the secondary structure elements of DmpA are significantly different from the consensus Ntn hydrolase topology previously described. The DmpA fold thus characterises a new subfamily of Ntn hydrolase enzymes.
Materials and methods
Crystal data
DmpA was purified and crystallised as described previously [13, 35] . The crystals belong to the orthorhombic space group P2 1 2 1 2 and contain six DmpA molecules per asymmetric unit. The cell dimensions are a = 156.97 Å, b = 96.22 Å and c = 154.41 Å. Heavy-atom derivatives for the enzyme were prepared at 21°C by soaking crystals in heavy-atom solutions (see Table 1 for statistics on native and heavyatom derivatives). One native and several derivative X-ray diffraction data sets were collected on a MacScience DIP2030 image plate system, using CuKα radiation produced by a Nonius FR591 rotatinganode generator equipped with a double mirror X-ray optical system and running at 100 mA, 45 kV. The diffraction data were auto-indexed, processed, scaled and merged using DENZO and SCALEPACK from the HKL package [36] . Further native data were collected, at 4°C, from a single crystal using a MAR-Research Mar345 imaging plate detector on beamline DW32 (λ = 0.97 Å) at the LURE Orsay synchrotron outstation (Table 1) .
Structure determination and refinement
The structure was solved by the multiple isomorphous replacement (MIR) method utilising noncrystallographic symmetry (NCS) averaging. Heavy-atom positions were located by difference Patterson maps and difference Fourier maps using the CCP4 package [37] . Heavy-atom positions, occupancies and isotropic B factors were refined with the program MLPHARE [37] to 2.3 Å resolution yielding a mean figure of merit of 0.3. The initial MIR electron-density map displayed clear molecular boundaries, but was otherwise uninterpretable. At this stage, NCS averaging using DM [37] was employed. NCS matrices were calculated by manual inspection of all the heavy atom interatomic vectors, calculated using DISTANG [37] . Four of the six molecule positions could be readily identified. Fourfold averaging was performed using DM, with automatic mask determination and combined with iterative real-space improvement of the NCS matrices. The electron-density map calculated using these phases was of excellent quality and allowed us to build about 80% of the structure, using the program O [38] . The last two molecule positions in the asymmetric unit were then found by molecular replacement using the program suite AMoRe [39] with the partial DmpA structure as search model.
Five percent of the observations were set aside for cross-validation analysis [40] and the behaviour of R free and the likelihood free figure of merit was used to monitor various refinement strategies. Atomic models were refined applying NCS restraints using a maximum-likeli-hood-based refinement strategy employing the program REFMAC [41] , followed by manual fitting into SIGMAA-weighted [42] electron-density maps with TURBO-FRODO [43] . As all observed data from 19.0 to 2.3 Å were used, a 2-Gaussian bulk-solvent correction was applied. After the refinement converged, the 1.8 Å data set was substituted for the 2.3 Å set and the refinement was cycled to convergence at 1.8 Å. The model was refined first with tight NCS restraints, which were gradually relaxed as appropriate. The final model contains 363 residues for each independent molecule (Table 1) . Residues Met1 to Arg8 and Gln246 to Gly249 were not visible in the electron density and were therefore not included in the model, although their presence has been demonstrated by N-terminal [13] and C-terminal sequence analysis (data not shown). A summary of the refinement statistics is shown in Table 1 . A Ramachandran plot of the mainchain torsion angle pairs, calculated with the program PROCHECK [44] , shows all the residues to occur in allowed regions, with 91.4% of the residues being located in the most favoured regions.
Structural alignments of Ntn hydrolases structures were performed with the 'RIGID' option of TURBO-FRODO using both conserved β sheets and catalytic residues of the enzymes.
Accession numbers
The refined coordinates and structure factors for DmpA have been deposited in the Brookhaven Protein Data Bank and have the accession codes 1b65 and r1b65sf, respectively. 
